heritability scores vary widely depending on population or study, ranging between 0.18 to 1 3 9 >1.00 based on experimental and modelling estimates [35] [36] [37] , further suggesting this ART Because we aimed to create equal sampling of each subpopulation (female, fighter, 1 7 7 scrambler), the representative sex-ratio from the overall environments did not reflect the 1 7 8
female biased operational sex-ratio from either stock or natural populations [33] . However, 1 7 9 this sampling scheme, should bear no influence on our interpretation of whether genetic 1 8 0
context influences the expression of ARTs in the bulb mite system. and fighter male mites, we used a modified protocol from Knegt et al. [43] in which chelex-1 8 5 based DNA extraction was performed: 4 -5 zirconium beads, 50μL of a 5% chelex solution 1 8 6 (Bio-Rad laboratories), and 5μL of proteinase K (20 mg ml -1 ) were added to each tube, after 56 °C, and proteinase K was inactivated via incubation for 8 minutes at 95°C. Samples were 1 9 0 centrifuged for 2 minutes at 14000 rpm and thereafter stored at -20°C. As scrambler male mites are typically much smaller than their fighter or female 1 9 2 counterparts, we adjusted the DNA extraction protocol as follows: after the evaporation of all 1 9 3 ethanol, 4.5μL proteinase K (20 mg ml -1 ) was added to each Eppendorf tube, and with a 1 9 4 pestle, mites were ground into small pieces, after which 30μL of a 5% chelex solution was 1 9 5
added to each tube. The samples were subsequently incubated for 3 hours at 56 °C, and 1 9 6 proteinase K was inactivated via incubation for 8 minutes at 95°C. Samples were vortexed 1 9 7
and centrifuged shortly, and stored at -20°C prior to DNA amplification. were stored at 7 °C until analysis (within 1 week of extraction). Samples were visually 2 1 0 inspected using 2% agarose gel electrophoresis before fragmentation analysis. hand. Our nSSRs were defined by a characteristic stutter followed by a peak of at least 450 2 1 9
relative fluorescent units or greater. We further assayed approximately 10% of our samples a 2 2 0 second time to check and ensure repeatability of scoring. both ranging from 0 to 1. These metrics were then used to calculate the inbreeding coefficient 2 3 0 (G IS ), and determined whether subpopulations departed from HWE (ranging from -1, more 2 3 1 heterozygosity than expected, to 1, less heterozygosity than expected). To measure genetic subpopulation is compared to the total population (ranges from 0 -little to no genetic 2 3 5 divergence between populations, to 1 -total divergence between subpopulations).
3 6
We also performed an analysis of molecular variance (AMOVA) [48] individuals), and gives us insight in the genetic differentiation between these different levels.
4 1
Statistical significance was evaluated based on 999 random permutations and distances were 2 4 2 calculated using the Infinite Alleles Model.
4 3
We further subsampled 30 random individuals per group and performed the same times (exemplar represented in Additional File 2, Table S2 .1-S2.5). We used a 5 x 10 3 burn-in, followed by 5 x 10 4 iterations assuming admixture and correlated 2 5 4
allele frequencies without prior population information. We ran 1 to 10 K clusters, with 20 2 5 5
replicates for each cluster. Optimal population clusters were determined according to delta K 2 5 6
[50] and bar plot visualisations were compiled using the program STRUCTURE PLOT [51]. After protocol optimization, we found only 9 of the 16 nSSRs amplified well for our 2 6 0 populations, of which 3 loci revealed fixation, and 6 demonstrating both clean/readable peaks 2 6 1 and polymorphism across individuals. Thus, these 6 nSSRs were chosen for the genotyping of 2 6 2 all remaining individuals.
6 3
Across individuals, we had a total of 12.3% missing or null alleles; 3.6% in females, missing data for females was 5.4%, and for males, 20.5% (34.5% in fighters, and 0.00% in 2 6 6 scramblers). In the rich environment (10.2%), missing data for females was 8.65%, and for 2 6 7 males, 9.68% (14.1% in fighters, and 6.4% in scramblers). We additionally detected 11 2 6 8 private alleles across 5 loci that differentiated between males and females, and 12 alleles that segregate between the rich (4) or poor (8) environments (Additional File 1, Table S1 ). of homozygosity present across individuals (Table 1) . Deviations from HWE were also 2 7 3 detected within our rich and poor environments (Table 2) , where rich environments contained 2 7 4 significantly lower levels of heterozygosity across all individuals compared to expectation.
7 5
Poor environments similarly demonstrated lower than expected levels of heterozygosity 2 7 6 across all individuals, with the exception of scramblers that were shown to not significantly 2 7 7 differ from expectation. These patterns also corresponded to significant levels of inbreeding 2 7 8 (G IS ), with the exception of scramblers in the poor environment. Pairwise genetic differentiation between environments (rich and poor) differed (K=2) best fit our data. Genetic clustering similarly illustrated females and scramblers to 3 0 0 disproportionately cluster together compared to fighter individuals that formed their own 3 0 1 genetic cluster, although this pattern was more stark in rich compared to poor environments 3 0 2 ( Fig. 3 ). Despite previous formative work focusing on sex-and morph-specific population mean 3 0 6
transcriptome patterns in R. robini [52, 53] , this study is the first of its kind to quantify 3 0 7
individual-level genetic diversity in the bulb mite, building a foundation for further genetic 3 0 8
quantification investigations for this microscopic organism. Importantly, due to this 3 0 9
individual-level approach, the results from this study demonstrate that ARTs in the bulb mite to resolve the previously (but confined) observations for genetic (e.g., [52, 53] ) and 3 1 4
environmental (e.g., [33, 35, 54] ) components operating to mediate male trait expression. GEIs may further help to explain how this polymorphism is maintained within populations 3 1 6 over time, notwithstanding often disparate and fluctuating environmental challenges. GEIs, genetic context, and the origin of bulb mite ARTs 3 1 9
Counter to our hypothesis for genetic diversity-condition links within our male morphs, we 3 2 0
find evidence that large fighters are less genetically variable than their smaller scrambler mating monopolization and increased survival likely combine to effectively limit the genetic In the bulb mite specifically, positive epistasis could be responsible for fighter 3 4 2 expression, such that many alleles in conjunction work in a way that synergistically Similarly, if many alleles in coordination lead to a less fit phenotype than expected based on population; certain genetic elements combinations may also mask the effects of others 3 4 7 (antagonistic epistasis), functionally suppressing the manifestation of high fitness traits (e.g., 3 4 8
[68]). The last two aforementioned processes of negative epistasis could conceivably produce 3 4 9
scramblers within our populations. to ART relative fitness would then reflect cryptic genetic variation underlying the translation work should aim to assess whether these same GEI patterns are also reflected in natural 3 7 2 populations. However, as these broad GEI associations remain consistent between rearing 3 7 3 environments, and our rich environment reflects similar natural history responses to that of 3 7 4 natural resources (e.g., garlic bulbs [39]), we have no reason to believe that stock and natural 3 7 5
populations would differ in their overall patterns of ART genetic context. Population-level diversity and the maintenance of ARTs within populations. Certainly the added evidence that fighter phenotypes are also associated 3 9 5
with excess homozygosity (this study) further complicates our understanding of how male 3 9 6 1 7 phenotypic and genetic variation are sustained in this system. Here we link the genetic 3 9 7
architecture and life-history parameters of ARTs with oscillating environmental conditions, 3 9 8
and suggest that these evolutionary-ecological dynamics may hold the answer. would eventually be purged within poor (presumably stressful) environments (e.g., [74] Genodive, Peter Kuperus for lab support, and Flor Rhebergen for invaluable discussions. We 4 5 0
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